U4 RNA, which is known to play an indispensable^rale in pre-mRNA splicing, is present in plant nuclei, has a canonical m, ' ' G cap at its 5' end and is associated with 116 RNA in snRNP particles. It occurs in broad bean in the form of a number of sequence variants. Two of these were sequenced: U4A RNA is 154 and U4B RNA is 152 nucleotides long. Sequence similarity of broad bean U4B RNA is 94 per cent to broad bean U4A RNA, 65 per cent to rat U4A RNA, 61 per cent to Drosophila U4A RNA and 50 per cent to snR14, the U4 RNA equivalent of the yeast Saccharomyces cerevisiae. Sequence conservation is much more pronounced in the 5 1 half of the molecule than in its 3' half. The secondary structure of both variants of broad bean U4 RNA perfectly fits with that of all other 114 RNAs sequenced so far. Nucleotide changes between broad bean U4A and U4B RNAs are restricted to molecular regions that affect the thermodynamic stability of these molecules. A model is proposed for the base pairing interaction of broad bean U4 RNA with broad bean U6 RNA. This is the first report on the structure of a plant U4 RNA.
INTRODUCTION
All eukaryotic cells contain at least six major species of urydilaterich small nuclear (sn) RNAs (U-RNAs): Ul to U6 RNAs in metazoa /"reviewed in (1)7 or their equivalents in the yeast Saccharomyces cerevisiae (2, 3, 9
4, 5, 6, 7). These molecules are capped at their 5' end by m, ' ' G /"m-jG;
cf.
(1)7, except U6 RNA which has a non-nucleotide cap /~cf. (1) 7, and occur in the form of individual ribonucleoprotein complexes /"U-snRNPs; reviewed in (8, 9) 7, except U4 and U6 RNAs which co-exist in a base-paired state in the same U-snRNP particle Z"U4/U6 snRNP; (10, 11, 12) 7. U-snRNPs are known to play an indispensable role in pre-mRNA splicing within the spliceosome /"reviewed in (13)7.
Whereas the occurrence of U-RNAs in animals has been known for over twenty years (14) , they were only first discovered in plants five years ago by Krol et al. (15) . These authors used anti-cap antibodies (16) to specifically precipitate the nuG-capped U-RNAs from pea nuclei, established the entire sequence of five variants of pea U5 RNA and partially sequenced Ul and U2 RNAs from their 3' ends. They failed, however, to detect in pea nuclei U6 RNA for obvious reasons (lack of a canonical cap) and U3 RNA as well as U4 RNA for undefined reasons. Two years later we developed two methods (17) for the isolation of nuclei from plant material. This enabled us to detect, and to establish the partial nucleotide sequence of, U3 (17) and the entire nucleotide sequences of U6 (18) and 112 (19) RNAs from broad bean.
Strangely enough, neither Krol et al. (15) nor we (17, 18) were able to ascertain the presence of U4 RNA in plant nuclei on the basis of expected gel electropnoretic mobility. On the other hand, Tollervey (20) has recently referred to a pea snRNA species that was precipitable with both anti-m,G and anti-Sm antibodies and hybridized to cloned human U4. The fact that in all eukaryotes studied so far U4 and U6 RNAs, and even their equivalents in Saccharomyces cerevisiae (6) , seem to co-exist in U4/U6 snRNP /cf. (8) / and that U6 RNA was shown to be present in plant nuclei (18) , prompted us to reinvestigate the occurrence of U4 RNA in plants by a combination of different approaches.
In this paper we report that U4 RNA can be detected in broad bean and tomato nuclear extracts by hybridization with a human U4 DNA clone, has a canonical cap structure (precipitation with anti-m,G antibodies), is associated with U6 RNA in snRNP particles (precipitation with anti-Sm antibodies) and occurs, at least in broad bean nuclei, in the form of a number of sequence variants (mobilities in different gel electrophoretic systems). We established the entire primary and possible secondary structures of two of them and propose a model for base-pairing interaction of broad bean U4 RNA with broad bean U6 RNA. (22) . The affinity column was washed with 5 ml of high salt buffer (40 mM Tris-HCl, pH 8.0, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM dithioerythritol and 0.5 mM phenylmethylsulfonyl fluo-32 ride). Then 1 ml of [ P 7-labeled high salt nuclear extract was passed over the column five times, followed by washing with 2.5 ml of high salt buffer. The bound material was eluted from the column with 1 ml high salt buffer containing 12 mM m 7 G (23). 8. RNA Extraction RNA from leaf nuclei, from [ P 7-labeled high salt nuclear extracts as well as from both the flow-through fraction and the m G eluate of immune affinity columns, and from immunoprecipitates were phenol-extracted at 65 C as described by Steele et al. (27) . 9. Isolation of Rat Nuclear RNA Rat liver nuclear RNA was isolated according to Reddy et al. (28) .
MATERIALS AND METHODS

Reagents and Enzymes
Fractionation of RNAs
RNAs were fractionated by polyacrylamide gel electrophoresis under non-denaturing, semi-denaturing or fully denaturing conditions modified after the procedures described by Forbes et al. (29) and Lund and Dahlberg (30) , and specified in detail in the figure legends. Elution of RNA from the gels was done as reported earlier (17 Sci., Sakura-mura, Ibaraki). The entire plasmid was labeled by random priming (35) . U-RNAs eluted,from anti-m,G immune affinity columns treated with nuclear extracts of C P 7-labeleQ suspension culture cells of Lycopersicon peruvianum. Nuclear extracts were subjected to immune affinity chromatography and the RNAs extracted from the flow-through fraction (Lane B) and the eluate (Lane C) were fractionated on 10 % polyacrylamide gels under denaturing conditions as described in the legend to Fig. 1 . As a reference RNAs from untreated nuclear extracts were run in parallel (Lane A). The RNA bands were visualized by autoradiography. For more details see Materials and Methods.
according to Peattie (37) . 2'-0-methylated nucleotides were mapped by limited hydrolysis of end-labeled RNAs in alkali (38). The digests were fractionated on 20 X and 8 % sequencing polyacrylamide gels (39) .
RESULTS
Detection of UA RNA in Plant Nuclei
When nuclear RNA from rat liver (Fig. 1A ), broad bean (Fig. IB) or tomato ( Fig. 1C ) was run on a 10 X denaturing polyacrylamide gel and hybridized with a human (or Drosophila, not shown) U4 DNA clone, positive signals were obtained with all three samples. U4 RNA from both broad bean (Fig. IE) and tomato ( Fig. IF) nuclei migrated more slowly than that of rat liver nuclei (Fig. ID) and was positioned in the lower part of the plant Ul RNA region. 2. Purification of Broad Bean U4 RNA Since excessive contamination by broad bean Ul RNA of eventual U4 RNA ex-i -U6 Fig. 3 . Detection of base pairing interaction between U4 and U6 RNAs in RNA extracts from broad bean nuclei. A broad bean nuclear RMA extract was loaded on a 20 an long and 1 mm thick 7 % polyacrylamide (29-1, acrylamide/bisacrylamide) gel, run under non-denaturing conditions at 4 C and 10 V/cm for 5 hours in 50 mM Tris-borate buffer (pH 8.3) containing 1 mM EDTA, and stained with ethidium bromide (Lane B). After blotting, the nitrocellulose filters were probed with a human U4 (Lane A) or a mouse U6 (Lane C) DNA clone, as described in Materials and Methods.
tracts from denaturing preparative gels, onto which total nuclear RNA had been loaded, would make any further analysis of broad bean U4 RNA impossible, we made an attempt to isolate broad bean U4 RNA from its U4/U6 RNA complex expected to occur in plants by analogy with other eukaryotes (6, 11, 12) . The presence of U4/U6 RNA complexes in plant nuclei was already suggested earlier by our finding that from plant nuclear extracts U6 RNA was precipitated by anti-m-jG antibodies (Fig. 2) despite the lack of a canonical cap structure in plant U6 RNA (18) . Indeed, when a nuclear RNA extract from broad bean was run on a 7 X polyacrylamide gel under non-denaturing conditions a slowly migrating band appeared (Fig. 3B ) that contained both U4 RNA and U6 RNA. This was demonstrated by molecular hybridization with either a human U4 (Fig. 3A) or a mouse U6 DNA clone (Fig. 3C) as well as by re--U6
tRNA Fig. 4 . Resolution of broad bean U4/U6 RNA complex into its components. The broad bean U4/U6 RNA complex eluted from a non-denaturing polyacrylamide gel (see Fig. 3 . Lane B) was subjected to polyacrylamide gel electrophoresis under denaturing conditions as described in the legend to Fig. 1 ., and stained with ethidium bromide (Lane B). As a marker, total nuclear RNA from broad bean was electrophoresed under the same conditions (Lane A) along with the U4/U6 RNA complex.
-running the complex on a 10 % denaturing gel (Fig. 4) . Broad bean U4 RNA isolated from similar denaturing gels proved to be capped by m,G at its 5' end, indicated by its immunoprecipitability with authentic anti-cap antibodies (Fig. 5 ). This result supported our earlier finding presented in Fig.   2 . Since labeled U4 RNA obtained in this way did not prove to be homogeneous enough for sequence analysis it was further separated into three components, each with a slightly different mobility on a 15 % non-denaturing gel (Fig.   6 , upper horizontal Lane A). Subsequent fractionation of these components on a 12 % semi-denaturing polyacrylamide gel gave rise (Fig. 6, lower vertical Lanes B-D) to three apparently distinct RNA species (1, 2a and 3a), all with an A residue at the 3' end (not shown), one mixture (2b) of molecular species (both A and G residues at the 3' end, not shown) and a minor component end-labeled U2, 5S and U4 RNAs from broad bean were comoined and treated with anti-m,G antibodies as described in Materials and Methods. The precipitable RNAs (Lane D) of the above mixture as well as 3' end-labeled U2 (Lane A), 55 (Lane B) and L)4 (Lane C) RNAs as molecular markers were separated on a 10 % polyacrylamide gel according to (39) . The RNA bands were visualized by autoradiography.
3. Primary Structure of U4A and U4B RNAs from Broad Bean The RNAs extracted from bands 1 and 3a (Fig. 6 Lanes B and D) were subjected to chemical sequence analysis (Fig. 7) . The sequences of U4A RNA extracted from band 1 and of U4B RNA extracted from band 3a are presented and compared with those of rat, Drosophila and the yeast, Saccharomyces cerevisiae, in Fig. 8 . Broad bean U4B RNA is 152, U4A RNA is 154 nucleotides long, and both are longer than their metazoan equivalents. Sequence similarity of broad bean U4B RNA is 94 per cent to broad bean U4A RNA, 65 per cent to rat U4A RNA, 61 per cent to Drosophila U4A RNA and 50 per cent to snR14, the U4 RNA equivalent of the yeast Saccharomyces cerevisiae. Sequence conservation is much more pronounced in the 5' halves of U4 RNAs than in their 3 1 halves.
Post-transcriptional modifications in broad bean U4B and U4A RNAs are confined to the 5 1 halves of the molecules, as is the case in all other U-RNAs (Fig. 4, Lane B) was eluted from a preparative denaturing polyacrylamide gel run under the conditions as described in the legend to Fig. 1 and was labeled at the 3' end as specified in Materials and Methods. This sample wa3 first loaded on a 20 cm long and 1 mm thick 15 % polyacrylamide (29:1, acrylamide/bisacrylamide) gel, run under non-denaturing conditions at 4 C and 20 V/cm for 18 hours in 50 mM Tris-borate buffer (pH 8.3) containing 1 mM EDTA, and subjected to autoradiography (upper horizontal Lane A). The RNAs from bands 1, 2 and 3 (marked by thin arrows) were then eluted separately, loaded each on a 20 cm long and 1 mm thick 12 % polyacrylamide (19:1* acrylamide/bisacrylamide) gel, run under semi-denaturing conditions at 37 C and 30 V/cm for 3 hours in 50 mM Tris-borate buffer (pH 8.3) containing 1 mM EDTA and BM urea, and subjected to autoradiography (lower vertical Lanes B. C and D). The directions in which the gels were run are indicated by thick arrows, and the bands in the vertical lanes by numbers.
(except U6 RNA) sequenced so far /"cf. (1) (40) is also present in both sequence variants of plant U4 RNA, and is followed Fig. 7 . Sequencing gels for broad bean U4A and U4B RNAs. 3' end-labeled U4A and U4B RNAs of broad bean were eluted from semi-denaturing polyacrylantide gels (cf. Fig. 6 .,-bands 1 and 3a, respectively) and subjected to chemical sequence analysis as described in Materials and Methods. The degradation products were run on sequencing gels. Lane A shows the sequence from nucleotide 83 to 134 of broad bean U4A RNA and Lane B shows the sequence from nucleotide 82 to 133 of broad bean U4B RNA.
downstream (nucleotides 66-76 in broad bean U4B RNA) by another evolutionarily conserved sequence. 4. Possible Secondary Structure of U4A and U4B RNAs fran Broad Bean Fig. 9 presents a possible secondary structure model for broad bean U4B RNA. Differences in the secondary structure of broad bean U4A RNA from that of Fig. 8 ) into U4 RNA is indicated by a hatched arrow. Regions of broad bean U4A RNA that differ in nucleotide sequence from those of broad bean U4B RNA are displayed in insets and are designated by arrows in both the model and the insets. Regions exhibiting sequence conservation as shown in the bottom line of Fig. 8 are boxed. Evolutionarily highly conserved individual nucleotides not involved in transition are marked by dots. Modifications are not considered.
5. Base Pairing of Broad Bean U4 RNA with Broad Bean U6 RNA When nuclear extracts of Lycopersicon peruvianum were immunoprecipitated with anti-Sm mouse monoclonal antibody, Y12, all major U-RNAs that are precipitated by this antibody from eukaryotes other than plants (25) appeared in the precipitate (Fig. 10) . This result, together with (i) the demonstration of the presence of a U4/U6 RNA complex within the same snRNP particle in HeLa cells (11, 12) , (ii) our finding of the precipitability of U6 RNA by anti-cap antibodies from plant nuclear extracts (Fig. 2) and (iii) the sub-
tRNA-" ~U stantiation of the occurrence of U4/U6 RNA complexes in broad bean nuclear RNA extracts (Fig. 3) , indicate that also in plants U4 RNA is complexed with U6 RNA in the same snRNP particle. This conclusion is supported by a model of base pairing between broad bean U4 and U6 RNAs (Fig. 11) .
DISCUSSION
This is the first report on the structural characterization of a plant U4 RNA. The apparent reason for earlier failures to even detect U4 RNA in plants lies in the fact that it is (as exemplified here in the lengths of broad bean and tomato U4 RNAs) somewhat longer (152-154 nucleotide residues) than "standard" size Z~ 141-145 nucleotide residues, cf. (1)7 approaching the length (158 nucleotide residues) of snR14 (6) . Therefore, under denaturing conditions it co-migrates in polyacrylamide gels with (a set of) Ul RNA (variants) and also 5.8S rRNA, thereby impeding visual detection. In addition, it probably occurs in the form of a number of sequence variants in plants, similar to broad bean, and this makes its routine isolation and purification a discouraging endeavor. However, by using a variety of conditions of gel electrophoresis and by taking advantage of its tendency to base-pair with L)6 RNA, plant U4 RNA can be isolated in a pure enough state to lend itself to sequencing. The high degree of sequence similarity of the 5 1 half of broad bean U4
RNA to U4 RNAs from other eukaryotes was to be expected, because broad bean U6 RNA also shows a very high degree (80 %) of sequence similarity to U6 RNAs from eukaryotes other than plants (18) , and these two molecules are apparently base-paired within the same snRNP complex (11, 12) . In this interaction it is the 5' half of U4 RNA that was implicated.
A salient point worth discussing, however, is the involvement of individual stretches of the U4 and 116 RNA molecules in base-pairing in vivo. In thermodynamic terms quite extended stretches of U4 RNA and U6 RNA can be assumed to interact (11, 12, 41) , whereas results of psoralen cross linking experiments limited the range of such interaction to no more than 8 base pairs (40) . Our findings with plant L)4 and U6 RNAs corroborate both models of base pairing. It should be noted that the two types of interaction do not have to be mutually exclusive. There is no a priori reason to suppose that only one type of base pairing is functional. During their operation in the splicing complex U4 and U6 RNAs may interact in multiple ways mediated by other RNA and/or protein factors. In addition, the occurrence of U4 RNA (or rather U4 snRNP) as a distinct entity in nuclei also gets some support from our data, indicating that plant U4 RNA can be fitted into a self-contained secondary structure model which, in turn, is identical with that of all other 114 RNAs sequencer! so far, including snR14 (6) In different U-RNAs evolutionarily novel conserved sequences have been revealed that were "masked" in the U-RNAs from phylogenetically closely related species (15, 17, 18, 43, 44) .
As far as U4 RNA is concerned we found, by including broad bean U4 RNA into the list of U4 RNAs to be compared, that the most pronounced sequence conservation, in addition to that of the Sm binding site near the 3' end of the molecule, is located in loop B (Fig. 9) . The first part of this consensus sequence, UGCURRUU, is involved in base pairing with U6 RNA, and the rest of it, GAAA(AC) n iU(A) 0 ,jU^ , has been shown by oligonucleotide-targeted degradation to be the major part of an indispensable element needed for the in vitro splicing of pre-mRNA (46) (47) (48) .
The apparent sequence conservation of loop A reflects potential base pairing interactions with U6 RNA of evolutionarily very highly conserved primary structure. The same applies in general terms to the entirety of the 5 1 third of U4 RNA (nucleotides 2 to 48 in broad bean U4B RNA, Fig. 8 ).
Stems III and IV as well as loops C and 0 (Fig. 9) do not seem to be involved in the above molecular interaction and show very little, if any, sequence conservation. Apparently the function of these regions depends much more on the mere existence of properly located stems and loops of appropriate lengths (in all U4 RNAs stem III is much longer than stem IV) than on their primary structure, and might be species-specific. In the yeast U4 equi- tally controlled accumulation of certain U-RNA sequence variants has anything to do with differential splicing of specific pre-mRNAs. Another relevant aspect of the presence of 114 RNA sequence variants in broad bean nuclei is our finding that all base exchanges between U4A and U4B RNAs of broad bean are localized to loop-closing stem regions (Fig. 9) . These make stems II and III thermodynamically more stable, and stem IV less stable in broad bean U4B RNA, than they are in broad bean U4A RNA. It is tempting to speculate that differential structural flexibility of the above regions in the molecules has something to do with specific roles of U4 RNA sequence variants in molecular interactions during splicing. Sequence data on more sequence variants of different U-RNAs from various organisms may throw some light on the validity of this conjecture.
